We demonstrate an electron-hole symmetry in the method of stimulated Raman adiabatic passage ͑STIRAP͒, and point out the existence of separate electron and hole regimes in atoms and molecules. In particular, we study hole STIRAP's in the triplet states of N 2 . We show that when electron and hole STIRAP's coexist, the competition between them leads to a powerful method of controlling bifurcating processes in molecular systems.
I. INTRODUCTION
In a stimulated Raman adiabatic passage ͑STIRAP͒ ͓1͔, quantum systems can be transferred from an initial state ͉1͘ through an intermediate state ͉2͘ to a final state ͉3͘, by a sequence of two one-photon transitions. A STIRAP has a nearly 100% efficiency due to the presence of dark states, which adiabatically lead the system to the chosen final states.
The method was experimentally verified in the 1980s ͓2͔, and is currently being applied in a large number of diverse fields ͓3͔, like the laser control of chemical reactions ͓4͔, atom optics and manipulation ͓5͔, and molecular photoassociation of ultracold atoms ͓6͔. It may even have some bearing on recent photoassociation experiments in Bose-Einstein condensates ͓7͔. Dark states are also broadly used in atomic cooling by cw fields ͓8͔ and in electro-magnetically induced transparency ͓9͔, recently studied for hole states ͓10͔.
In this work, we point out that a STIRAP can have two forms, electron and hole, depending on whether an orbital active in the intermediate state is empty or populated. Since, in these two regimes the sequence of pulses is inverted, the method has a full electron-hole symmetry. We explore quantum interference resulting from competition between the electron and hole STIRAP's.
II. ELECTRON-HOLE SYMMETRY IN STIRAP'S
In Fig. 1͑a͒ , we present a scheme of the electron and hole STIRAP's in a three-orbital system. The empty ͑full͒ orbitals are drawn with empty ͑full͒ circles. On the left, we show an electron STIRAP: an electron, occupying orbital ͉1͘, passes through the empty orbital ͉2͘, ending up in an unoccupied orbital ͉3͘. This process is executed in a ''counterintuitive'' pulse ordering, in which a laser pulse A is turned on first. On the right-hand side, we depict a hole STIRAP, where a hole residing in orbital ͉3͘ passes through an occupied orbital ͉2͘ to an occupied orbital ͉1͘. In this case, a pulse B is turned on first.
In this three-orbital system with one ͑two͒ electrons, the Hilbert space is spanned by the total electronic states ͉1 e ͘ϭ͉100͘, ͉2 e ͘ϭ͉010͘, ͉3 e ͘ϭ͉001͘,
where the ͉i jk͘ (i, j,kϭ0,1) notation displays the population of orbitals ͉1͘, ͉2͘, and ͉3͘, respectively. The state ͉ j e ͘ (͉ j h ͘) can be viewed as single electrons ͑holes͒; hence the subscript e (h). In Fig. 1͑b͒ , we show that the two regimes are realized by transitions ͉1 e ͘→͉2 e ͘→͉3 e ͘ and ͉3 h ͘ →͉2 h ͘→͉1 h ͘, respectively.
We can examine a hole STIRAP using the Hamiltonian
͑2͒
Here ប j are energies of the composite states
ϭ⍀ ji *(t)ϭ i j E i j (t)/ប are time-dependent Rabi frequencies. E i j (t) and i j denote amplitudes and frequencies of the laser fields, which couple the states ͉1 h ͘, ͉3 h ͘, and ͉2 h ͘ by the dipole elements 12 and 32 .
In the presence of the laser fields, we can write the wave function of the system as
where the detunings are We can evaluate the vector of slowly evolving coefficients C(t)ϭ(C 1 ,C 2 ,C 3 )
T from the Schrödinger equation
where the effective Hamiltonian is
The discussion is simplest ͓3͔ when both laser pulses are tuned to resonance: ⌬ j ϭ0.
From the three adiabatic eigenstates of the effective Hamiltonian ͓Eq. ͑6͔͒, of particular interest is the dark state with a zero eigenvalue, expressed as
where
In the counterintuitive hole STIRAP scheme, shown in Fig.  1 , the system follows the dark state C D (t). In this state, as the phase (t) goes from (0)ϭ/2 to (ϱ)ϭ0, the hole adiabatically passes from the state ͉3 h ͘ to the state ͉1 h ͘.
Therefore, the electron and hole formalisms are completely analogous.
III. ELECTRON AND HOLE STIRAP SYSTEMS
From the description in Fig. 1 , we can unambiguously decide if a particular atomic or molecular STIRAP has an electron or hole character. The classification is based on whether one or two electrons jump between the three involved orbitals ͓also see Fig. 2͑a͔͒ . This holds even if the initial and final electronic states are the same, differing only in their rovibronic assignments, as in molecules like NO, SO 2 ͓3͔ and benzene ͓11͔. Practically speaking, a hole STI-RAP can be more easily realized in molecules, because in atoms the laser energies are required to bridge over different shells, with energy differences larger than 10 eV, almost comparable with atom ionization energies.
To be specific, we concentrate on a hole STIRAP in the N 2 molecule. The assignment of the ground electronic state
The transitions we consider are between the triplet states ͓12,13͔
Here we underline the moving hole ͓also see Fig. 2͑a͔͒ and show only those electronic occupations differing from the singlet state 
IV. COUPLED ELECTRON-HOLE STIRAP'S
An interesting situation arises when electron and hole STIRAP's coexist and compete with each other. This can be realized in a model composed of four orbitals ͉i͘1рiр4, of which only two are always populated, shown in Fig. 2͑a͒ . An electron ͑hole͒ STIRAP transfers an electron ͑hole͒ from state ͉2͘ (͉3͘) through state ͉3͘ (͉2͘) to state ͉4͘ (͉1͘), shown by the solid ͑dashed͒ arrows. For example, in N 2 , we can assign orbitals ͉1͘ and ͉2͘ to orbitals 2 u and 3 g , respectively, while orbitals ͉3͘ and ͉4͘ correspond to the orbitals 1 u and 1 g , respectively. In the considered STI-RAP transitions, orbitals 2 u , 3 g , and 1 u have one or two electrons, and orbital 1 g has three or four electrons. Hole states are attributed to the lower occupation number in each respective orbital. In this notation, the two-electron states ͉i j͘, 1рiϽ jр4, correspond to the configurations in N 2 ͓13͔:
, and CЈ 3 ⌸ u ϭ͉14͘. Thus, in an electron STIRAP, moving an electron between the orbitals (3 g ) Fig. 2͑b͒ , electron ͑hole͒ STIRAP transitions between the two-electron states ͉i j͘ are shown by the left ͑right͒ full ͑broken͒ arrows. Boldface vertical arrows indicate delayed transitions common to the two STIRAP's. We might expect that additional radiative transitions are possible, shown above the horizontal thin dashed line, to the level ͉24͘ e-h symmetric with respect to states ͉13͘ and ͉34͘ e-h symmetric with state ͉12͘. Since, electronic interactions detune the energy terms in different amounts, these transitions could be FIG. 2 . ͑a͒ Electron ͑hole͒ STIRAP in a four-orbital system with two electrons initially in orbitals ͉1͘ and ͉2͘; the relevant population of orbitals for energy terms in N 2 is also denoted. The electron ͑hole͒ STIRAP transitions are shown by solid ͑dashed͒ arrows. ͑b͒ An equivalent scheme, where each level corresponds to a twoelectron state.
achieved by separate excitations (⍀ i j ) of a time ordering as in the lower part of the scheme (⍀ i j ). The augmented scheme would also work if we substitute states ͉24͘ and ͉34͘ with electronic states ͉13͘ and ͉12͘, with nonzero rovibronic occupation ͓14͔.
A. Description of the electron-hole STIRAP
We now come to the main point of our study, namely, the competition between the coexisting electron and hole STIRAP's. We describe this augmented six-level scheme by a wave function expanded as ͉⌿͘ ϭ ͚ iϽ jр6 C i j (t) e Ϫi( i ϩ j )t ͉i j͘, where resonant conditions are considered for simplicity. This wave function which depends on a column vector with six entries, 
͑9͒
Here the time dependence of the Rabi frequencies ⍀ i j (t) ϭ͉⍀ i j (t)͉ e i i j has been suppressed. The analysis can be simplified if the Rabi frequencies satisfy the condition ⍀ i j (t)ϭ⍀ i j (t). In that case, the six adiabatic eigenvalues of the Hamiltonian H(t) are 1,2 ϭ0, In the absence of the third pulse ⍀ 23 (t), the dark space is spanned by states ͉12͘ and ͉34͘. We will show that, when this pulse is switched on, the initially populated state ͉12͘ evolves, and ends in one of the states ͉23͘ (͉A͘) or ͉14͘ (͉B͘). This bifurcation process is controlled by the presence of nonadiabatic coupling, which always effects the dark states due to their degeneracy. In addition, the evolution is adiabatic if the time dependence of the relative change of the pulse envelopes is slow compared to the Rabi periods 1/⍀ i j and 1/(͉⍀ 12 ͉Ϫ͉⍀ 34 ͉). The last criterion inevitably breaks down if the ratio rϭ͉⍀ 12 /⍀ 34 ͉ approaches the value rϭ1, where the system manifests an internal instability.
B. Numerical results
In Fig. 3 we present the time-dependent populations p i j ϭ͉c ij ͉ 2 , calculated for Gaussian pulses ⍀ 12 (t)ϭ⍀ max exp (Ϫt   2   / 2 ), ⍀ 34 (t)ϭ⍀ 12 (t)/r, and ⍀ 23 (t)ϭ⍀ max exp͓Ϫ(t Ϫt 0 ) 2 / 2 ͔. Here ⍀ max denotes the peak Rabi frequency, is the pulse length, and t 0 is the delay between the pulses. The settings rϭ1.25, t 0 ϭ2, and ⍀ max ϭ50/ of Fig. 3 cause the population in state ͉12͘ to switch to that of state ͉23͘ at the end of the process, with states ͉14͘ and ͉34͘ being populated only briefly. The small population oscillations shown in Fig.  3 reflect the effect of nonadiabaticity close to the critical value rϭ1. The negligible populations of states ͉13͘ and ͉24͘ are not displayed.
In Fig. 4 we show final populations in the dark states as a   FIG. 3 . Time-dependent populations of the two-electron states ͉i j͘. The population in state ͉12͘ is switched to state ͉23͘, while states ͉14͘ and ͉34͘ are populated only transiently.
FIG. 4. Final populations of states ͉14͘ ͑solid line͒ and ͉23͘
͑dashed line͒ as functions of the parameter r; other parameters are as in Fig. 3 . The switching behavior around rϷ1 changes to a splitting behavior ͑thin lines͒ in a reduced four-level system. function of r for the full six-level system ͑thick lines͒, and a reduced four-level system ͑thin lines͒, discussed below. The full system exhibits a bifurcating behavior leading to state ͉14͘ or ͉23͘, sharply dependent on the ratio r. If rϾ1, a hole STIRAP dominates, and the hole in level ͉3͘ is transported to level ͉1͘, thus populating state ͉23͘. If rϽ1, an electron STIRAP prevails; the electron initially in level ͉2͘ is transferred to level ͉4͘, and we end in state ͉14͘. The control over the final state takes place close to rϷ1. The width of this region is determined by nonadiabatic coupling of the dark and nondark states. In this region, the system partly escapes from the dark subspace, and the sum of the final population in states ͉14͘ and ͉23͘ is lower than 1.
Our simulations show, that the bifurcation behavior displayed above is maintained even if the Rabi frequencies are different, ⍀ i j (t) ⍀ i j (t), as long as they are of comparable magnitude. In this case, control over the choice between the final state ͉14͘ or ͉23͘ is achieved by altering the relative coupling strengths ͉⍀ 12 /⍀ 34 ͉, ͉⍀ 34 /⍀ 12 ͉. This competition can be represented by the ratio Rϭ͉⍀ 12 ⍀ 12 /⍀ 34 ⍀ 34 ͉ 1/2 , which in the degenerate case becomes Rϭr.
C. Discussion of the bifurcation behavior
To understand the bifurcation behavior, we transform the Schrödinger equation into the eigenstate basis ͓15͔
where the new state vector is V(t)ϭU(t) C(t). The matrix U(t) of eigenvectors diagonalizes Hamiltonian ͑9͒, and generates the coupling matrix
Using states ͉A͘ and ͉B͘ in Eq. ͑11͒, we can form new dark states ͉A͘Ϯr͉B͘, one of which is coupled to the initially populated ͉12͘ state. Then the matrix U(t), with columns of eigenvectors ordered as in Eq. ͑10͒, and the new dark states ͉A͘Ϯr͉B͘, has the analytic form
The coupling matrix W(t) can be obtained numerically from Eqs. ͑13͒ and ͑14͒.
To investigate the bifurcating control, we limit the solution of Eq. ͑12͒ to the two-dimensional dark subspace. This can be accomplished by decoupling eigenvectors 3-6 from the dark states by setting W i j (t)ϵ0 (i, jϾ2). In Fig. 5 we show populations of the states ͉i j͘ in the exact ͑top͒ and dark-state ͑bottom͒ descriptions. The parameters are as in Fig. 3, but and only partly populates the final state ͉23͘. The dark-state solution is smooth, and preserves the bifurcating control in such a way, that fully populated final states ͉12͘ and ͉23͘ interchange exactly at rϭ1. If we only decouple eigenvectors 5 and 6 in Eq. ͑12͒, which have reasonably large eigenvalues even close to rϭ1, then the system basically follows the exact solution of Fig. 5 ͑top͒.
The reasons for the extensive control over the bifurcation process lies in the structure of this e-h symmetric system with six levels. The structure determines the coefficients W i j , coupling the two dark states, shown in Fig. 6 . The W 12 term dominates and changes sign as rϭ1.05→1/r, and in this way affects which final state is populated. We can reduce the system to a four-level model ͑studied in Refs. ͓15,16͔͒, by decoupling levels ͉34͘ and ͉24͘ in Fig. 2͑b͒ ; decoupling just state ͉34͘ gives a five-level system with one dark state ͓16͔. In the four-level case, with two dark states, the solution gives split populations p 14 ϭ1/(1ϩr 2 ) and p 23 ϭr 2 /(1ϩr 2 ), shown by thin lines in Fig. 4 . In this simplified situation, the W 12 term neither has such a dominant behavior nor does it change sign. It is even possible to find a dark-state vector ͉D͘ϭ(͉⍀ 12 ͉ 2 ϩ͉⍀ 34 ͉ 2 )͉12͘Ϫ⍀ 12 ⍀ 23 ͉23͘Ϫ⍀ 34 ⍀ 23 ͉14͘ followed by this four-level system in the two-dimensional dark space, which does not show any sharp bifurcation behavior.
V. CONCLUSION
We have discussed the electron-hole symmetry in STI-RAP's, leading to separate electron and hole excitation regimes. The regimes could realize transfers of electrons ͑holes͒ to high-͑low-͒ energy orbitals. In a practical example, we have shown that a hole can be efficiently transferred into deep orbitals of a N 2 molecule. We have demonstrated that competition between electron and hole STIRAP's can lead to a new way of controlling bifurcating processes in molecular systems. We have found that other models with competition of several STIRAP's also lead to bifurcating behaviors.
